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Abstract
The iron chalcogenides FeSe and FeS are superconductors composed of two-dimensional sheets held together by van
der Waals interactions, which makes them prime candidates for the intercalation of various guest species. We review the
intercalation chemistry of FeSe and FeS superconductors and discuss their synthesis, structure, and physical properties.
Before we review the latest work in this area, we provide a brief background on the intercalation chemistry of other
inorganic materials that exhibit enhanced superconducting properties upon intercalation, which include the transition
metal dichalcogenides, fullerenes, and layered cobalt oxides. From past studies of these intercalated superconductors, we
discuss the role of the intercalates in terms of charge doping, structural distortions, and Fermi surface reconstruction.
We also briefly review the physical and chemical properties of the host materials—mackinawite-type FeS and β-FeSe.
The three types of intercalates for the iron chalcogenides can be placed in three categories: 1.) alkali and alkaline
earth cations intercalated through the liquid ammonia technique; 2.) cations intercalated with organic amines such
as ethylenediamine; and 3.) layered hydroxides intercalated during hydrothermal conditions. A recurring theme in
these studies is the role of the intercalated guest in electron doping the chalcogenide host and in enhancing the two-
dimensionality of the electronic structure by spacing the FeSe layers apart. We end this review discussing possible new
avenues in the intercalation chemistry of transition metal monochalcogenides, and the promise of these materials as a
unique set of new inorganic two-dimensional systems.
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1. Introduction
We review the recent work on the intercalation chem-
istry of iron chalcogenide superconductors. Given that
they exhibit zero resistance for electrical currents below
a critical temperature (Tc), superconductors hold great
promise in our future energy needs.[1, 2, 3, 4] Further-
more, superconductors have been proposed for devices that
stabilize the electrical power grid by storing energy me-
chanically in flywheels or electromagnetically in toroidal
magnets.[5, 6] Much as previously known superconducting
materials, the iron-based compounds have a role to play
in our future energy needs.[7, 8]
The iron chalcogenide superconductors remain topical
due to their versatile solid state chemistry that allows
new materials to be discovered and their ability to be
isolated as single layers. Furthermore, the highest Tc so
far observed in any iron-based system has been in sin-
gle layered FeSe where reports vary from 65 K to 100
K.[9, 10, 11] Just like the high-Tc cuprates, the iron-based
systems appear to be unconventional in their supercon-
ducting mechanism[12, 13] and this raises more hope that
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Figure 1: The various chemical processes for layered iron chalco-
genides (FeCh) including intercalation of species A, where A can
be a cation, a neutral species such as ammonia, or both. The var-
ious structure types leads to different stacking sequences between
the FeCh layers and therefore different space groups. The literature
on FeSe has revealed that it is possible to generate all of the above
structures and that each of the three processes have been observed
in the chemistry of iron chalcogenides.
solid state chemists will continue to make significant dis-
coveries in this field.
Although similar in many respects to the iron-based
pnictides, the chalcogenides do show considerable differ-
ences in their physical and chemical properties. While the
arsenide phases are held together by ionic forces between
the cationic layers, e.g. (LaO)+ and Ba2+, and the an-
ionic (FeAs)− layers, the chalcogenides can be held by van
der Waals interactions alone. These comparatively weaker
interactions make the FeCh layers, where Ch =S2− and
Se2−, ideal hosts for intercalation chemistry such as alkali
metal insertion along with various other types of guest
species such as ammonia. Since the pnictides do not ex-
press intercalation chemistry, we have left them out alto-
gether in this review. The reader curious about the major
differences between chalcogenides and pnictide supercon-
ductors can find several reviews written on these two major
categories.[12, 13, 14, 15, 16, 17]
We review the chemical techniques for inserting ionic
and molecular species into FeCh hosts and their result-
ing physical properties. An example of the different lay-
ered structures we will be reviewing and their intercalation
chemistry is presented in the schematic of Figure 1. We
will examine three major methods for intercalating guest
species, or intercalates, which include insertion of 1.) elec-
tropositive metals in liquid ammonia, 2.) metals and or-
ganic amines, and 3.) extended hydroxides through hy-
drothermal conditions. Each method plus post-synthetic
treatment can lead to guest-host compounds with different
structures as shown in Figure 1.
Before presenting the latest studies on the intercalation
of iron-based materials, we briefly review the history of in-
tercalation chemistry of superconductors such as C60 and
metal dichalcogenides. It is also instructive to present the
crystal chemistry and physical properties of the simple bi-
nary iron chalcogenides—FeS, FeSe, and FeTe, which act
as the hosts. The main goals of such chemistry has been to
both prepare new compounds and ultimately control the
physical properties of the binary compounds in order to
discover the underlying mechanism for superconductivity.
We believe the reader will recognize, however, that this
chemistry has broader implications than superconductiv-
ity and could represent a new area for the preparation of
two-dimensional (2D) inorganic materials.
2. History of intercalation chemistry and super-
conductivity
This year, 2016, is a leap year since February has an
extra day. Such an insertion of a day into the calendar
is known as an intercalation, and chemistry has borrowed
this term to analogously describe the expansion in a solid
upon inserting a ’foreign’ species. Intercalation chemistry
in inorganic materials has a long history,[18] and its ap-
plications range from electrochemical energy storage[19]
to the sequestration of waste material in layered clays or
sulfides.[20, 21, 22] It is useful to briefly review the ter-
minology in this field and some of the work done on past
superconductors.
Like closely related interstitial compounds,[23] inter-
calation compounds are inorganic solids in which guest
species such as ions or molecules occupy open crystallo-
graphic sites of the host. Unlike interstitial compounds,
however, intercalation hosts usually consist of structural
elements such as chains and layers that are held together
by weak forces such as those of the van der Waals type.
The guest species, or intercalate can cause the unit cell of
the host to expand upon insertion but it should not change
the crystal structure significantly. Furthermore, the inter-
calation and de-intercalation processes should be reversible
and possible at temperatures lower than those typical of
solid state reactions so that no major rearrangement of the
host’s structure occurs.
Given the constraints of the intercalation processes,
two dimensional (2D) materials are the most common
hosts.[22] Materials with one-dimensional (1D) motifs can
facilitate exit and entry of guest species but also undergo
major re-organization upon intercalation. Conversely,
three-dimensional (3D) materials retain their structural
integrity but impede facile intercalation of guests. Classic
inorganic solids in the 2D category include layered mate-
rials such as graphite,[24] graphite oxide,[25] and mont-
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Figure 2: a.) The crystal structure of TaS2·(NH3) where the nitrogen
atoms (blue) are in a hexagonal arrangement between the sulfide
sheets. Crystal structure from Ref. [28] b.) A representation of
the orientation of the ammonia molecule so that the 3-fold axis is
oriented parallel to the TaS2 sheets. Reprinted with permission from
Ref. [29]. Copyright 2008, AIP Publishing LLC.
morillonite – a silicate clay.[26] If the host is redox active,
then the intercalation process is either reductive or oxida-
tive, and this special property has been explored in elec-
trochemical devices such as rechargeable batteries.[19, 27]
In order to raise some key questions from the litera-
ture on iron chalcogenides, we briefly discuss three other
inorganic hosts that enhance their superconducting prop-
erties upon intercalation. These include the layered metal
dichalcogenides, layered cobaltates, and three-dimensional
fullerene crystals. These cases present to us the impor-
tance of charge doping, Lewis acid-base chemistry, and
structure-property relationships on superconductivity, and
guide our understanding of iron chalcogenide intercalation
chemistry.
2.1. Transition metal dichalcogenides
Metal dichalcogenides are redox active hosts with a
van der Waals gap between the layers that allows facile
intercalation.[30] Furthermore, they are semiconducting,
which aids in the insertion and removal of cations by
conducting charge-compensating carriers (i.e. electrons
and/or holes). In the early 1970’s, several groups demon-
strated that upon intercalation, the superconducting crit-
ical temperature, or Tc, could be raised in dichalcogenides
such as TaS2 and NbSe2.[31, 32, 33, 34] In particular, the
work of Geballe et al. demonstrated how a large array of
organic and inorganic hosts could act as Lewis bases, or
electron donors, and therefore easily intercalate into the
layered materials that act as Lewis acids.[31] The layered
hosts can accept Lewis bases such as ammonia, pyridine,
or even amides with long aliphatic chains such as stear-
amide. Since the metal dichalcogenides act as Lewis acids,
the Tc’s of the final adducts were related to relevant pa-
rameters such as interlayer spacing and the pKA’s of the
Lewis bases.
Lerf has raised doubts, however, whether Lewis acid-
base chemistry truly drives the intercalation process in
dichalcogenides.[22] The chief objection from Lerf concerns
the findings from crystallographic studies showing that the
orientation of the NH3 molecule within the layers is such
that its 3-fold axis is oriented along the layers as opposed
to perpendicular to them as shown in Figure 2 for the case
of TaS2.[29] Similarly, the 2-fold axis of the pyridine ring
is oriented parallel to the dichalcogenide layers.[35] This
would imply that the lone pair on the nitrogen atom is
not oriented towards the layers and is therefore ineffective
as a Lewis base.
Besides the electron donating properties upon intercala-
tion, structure-property relationships are also important.
The common structural motif is the 2D layer formed by in-
finite edge-sharing MCh6 polyhedra where M = transition
metal and Ch = S, Se, and Te. Polytypism, is common
in these materials, since the coordination of the transition
metal can be either octahedral or trigonal prismatic due
to changes in the ion stacking sequence along the inter-
layer direction (Figure 2). However, only when the metal
is in trigonal prismatic coordination has superconductiv-
ity been observed.[30] In their studies of 50 different in-
tercalates of various sizes for TaS2, which increased the
interlayer spacing anywhere between 3 A˚ to 52 A˚ , Gam-
ble et al. found the Tc bears little correlation to interlayer
spacing.[31] Instead, they attributed any enhancement in
Tc to the efficacy of charge transfer from the intercalate to
the host.
Alkali metals can also be intercalated into dichalco-
genide hosts, either in a liquid ammonia solution or elec-
trochemically, which allows for a more direct measure of
electron doping than the Lewis basicity of amines.[30] Fur-
thermore, Scho¨llhorn,[36, 37, 38, 39] Colombet,[40] and
others[41] have argued that the intercalation of amines
actually occurs through the oxidation of such species so
that the true nature of the intercalates is the amine plus
its conjugate acid (e.g. NH3 and NH
+
4 ), which would also
charge dope the dichalcogenide host. The formation of
cationic intercalates, in fact, has been suggested as the
driving force for the intercalation of such species into the
host.[40] Once the cationic form of the amines has been
inserted, the other amines orient themselves in such a way
to direct the lone pair of electrons on the nitrogen atoms
towards the cations.
2.2. Other intercalated superconductors
A more recent example of intercalation chemistry than
that of the dichalcogenides includes the layered NaxCoO2
materials.[44] These cobalt oxides consists of CoO6 octa-
hedra that edge-share to form layers of the brucite-type
structure. Na and Li cations can fill in the interstitial po-
sitions in between and the shuttling of these cations has
made the cobaltates an important cathode material for Li-
rechargeable batteries.[27] In the sodium intercalated case,
when the right amount of Na+ is present along with water
3
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Figure 3: The phase diagram for the layered oxides, NaxCoO2· 1.3
H2O as a function of sodium intercalation. The maximum Tc is
reached for nearly one-third doping and for the hydrated version.
Figure is adapted from Ref. [43] by permission from Macmillan Pub-
lishers Ltd: Nature, copyright 2003.
molecules, superconductivity is induced. Interestingly, the
anhydrous case is non-superconducting, and the highest Tc
of 4.5 K is found for the stoichiometry of Na0.3CoO2 · 1.3
H2O (see Figure 3).[43] At values for x greater than
1
3 , an-
hydrous NaxCoO2 can exhibit various ordered states for
its charge and spin degrees of freedom.[45] These struc-
tures, much like the metal dichalcogenides, demonstrate
that they can can accommodate more than one type of
guest simultaneously, and that this can be advantageous
for superconductivity.
Another historical example is that of the intercalated
fullerenes. Just as graphite can be easily intercalated,[24]
the molecular allotrope of carbon, C60 can also accommo-
date metal cations within its interstices. In the 1990’s,
researchers found that when fullerenes are charge-doped
to become fullerides, they are tuned from semiconduct-
ing materials to metals and superconductors.[46, 47] The
molecular nature of the crystal and the relatively weak
interaction between the C60 ‘hard spheres’ make interca-
lation possible not only for alkali metals but also molecular
species such as ammonia.[48] A notable difference in the
intercalation chemistry of C60 and graphite is the former’s
preference for reductive intercalation whereas graphite can
undergo both oxidative and reductive insertion.[49, 50]
Remarkably, the intercalated fullerenes such as K3C60,
Rb3C60, and Rb2CsC60 exhibit relatively high Tc’s, up to
32 K.[50].
The historical examples given above illustrate some of
the key factors to consider for the iron-based superconduc-
tors. These considerations include the role of the interca-
late in charge doping into the density of states near the
Fermi level, distorting the relevant structural parameters,
and changing the dimensional nature of the Fermi surface.
a
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Figure 4: The crystal structure of the simple binary FeCh with the
anti-PbO type structure. Setting 2 for the origin is represented for
this tetragonal space group. The dashed line represents the unit cell,
and z is the so-called anion height.
Nevertheless, all of these examples are classified as con-
ventional superconductors whose underlying physics is sat-
isfactorily described by Bardeen-Cooper-Schrieffer (BCS)
theory.[30, 34, 42, 50] Therefore not all lessons learned
from these studies will apply to the iron-based materials.
3. Chemistry and physics of the FeCh hosts
Before discussing the intercalation chemistry of the iron
based superconductors, it is instructive to describe the
structure, bonding, and electronic properties of the host
materials. The FeCh (Ch=S,Se,Te) layers, like the transi-
tion metal dichalcogenides, are held by weak van der Waals
forces that make them susceptible to intercalation. In the
case of the iron telluride, however, the van der Waals gap
is too small on account of the large anionic radius of Te2−
(2.21 A˚),[51] and this hinders any significant intercalation
chemistry. Therefore, this review is focused on the se-
lenides and sulfides, but we do present the electronic and
physical properties of Fe1+xTe (where x represents excess
iron) briefly in order to compare and contrast with those
of FeS and FeSe.
3.1. Crystal structures
Although many binary iron sulfides and selenide phases
are known, we are only interested in those that crystallize
in the anti-PbO type structure. As shown in Figure 4,
the structure is described by the tetragonal space group
P4/nmm (no. 129), which has two settings. In setting 1,
the iron atoms are located at the origin of the cell while
in setting 2 the origin is located at the center of inversion
symmetry with the iron atoms displaced ( 34 ,
1
4 , 0) from the
origin.[52] Figure 4 shows setting 2. Either way, the site
4
symmetries of the atoms are such that the Fe cations have
4m2 site symmetry and the Ch2− anions 4mm symme-
try. Furthermore, the n-glide normal to the c-axis leads
to the adjacent layers being staggered by ( 12 ,
1
2 ) in the ab-
plane, which maximizes the distance between the Ch2−
anions. In the resulting two-dimensional square lattice of
Fe cations, each square is capped by a chalcogenide anion,
either above or below, which leads to tetrahedral coordi-
nation for each iron cation.
The only crystallographic parameters that can be ma-
nipulated include the lattice constants and the Ch anion
z-parameter, also know as the anion height from the iron
square lattice. These two parameters in addition to the
lattice constants are therefore enough to describe impor-
tant properties such as Fe–Se bond distances, Fe–Fe dis-
tances, which influence the d-orbital dispersion bands, and
the Ch–Fe–Ch bond angle. As shown in Figure 5, the an-
ion height and the variance of the tetrahedral bond angle
both correlate with Tc across the various iron-based super-
conductor families.[54, 53, 52, 55, 56]
Structurally, the layered iron chalcogenides provide a
nice contrast to the transition metal dichalcogenides. The
former is composed of a square planar lattice of d-block
metals whereas the latter is composed of a hexagonal array.
In the iron-based chalcogenides, 2D layers consist of edge-
sharing tetrahedra (Figure 4) whereas in the dichalco-
genides MCh6 trigonal prisms or octahedra complete the
layers. These two structural distinctions lead to differ-
ences in both the local electronic properties determined by
crystal field splitting considerations and to the long-range
electronic properties determined by the band structures.
One of the most studied iron-based superconductors is
iron selenide. In its anti-PbO structure it is known as β-
FeSe. This phase exists in a narrow window of stability
in the iron-selenium binary phase diagram (300 K< T <
450 K),[57] as shown in Figure 6, and its preparation has
mostly consisted of powders through direct reaction of the
constituent elements. Polycrystalline FeSe, however, can
be prepared through hydrothermal routes, and care must
be taken to prevent oxidation, which is detrimental to the
superconducting properties.[58] Since this phase does not
melt congruently, single crystal growth has been challeng-
ing. Several groups have found chemical vapor transport
and salt flux methods, however, as successful techniques
for the preparation of high quality single crystals.[59]
When near stoichiometric, FeSe superconducts below 8
K.[60, 61] Interestingly, under high pressure the Tc in-
creases up to 37 K.[62, 63] Even higher Tc’s have been
observed in FeSe in isolated single layers. Through in
situ electrical resistivity measurements during photoelec-
tron spectroscopy measurements, Tc’s have ranged from
65 K to 100 K in single layered FeSe.[9, 10, 11] This is the
record for any iron-based superconductor, and it raises the
possibility that materials chemists and physicists could de-
velop a new family of high-Tc superconductors.
Above Tc FeSe undergoes a crystallographic phase tran-
sition that may provide clues to its superconducting pair-
Figure 5: Top: The correlation of Tc with the anion height parameter
for various members of the iron arsenide and chalcogenide supercon-
ductors. Reprinted with permission from Ref. [53]. Copyrighted by
the Physical Society of Japan. Bottom: The correlation of Tc with
the tetrahedral bond angle α for the iron arsenide family of super-
conductors. Reprinted with permission from Ref. [54]. Copyright
IOP Publishing. Reproduced with permission. All rights reserved.
ing mechanism. Through various diffraction studies,[60,
64, 58] a transition from P4/nmm to orthorhombic
Cmmm at 90 K in superconducting FeSe was observed.
This lowering of symmetry is accomplished through the
breaking of the four-fold axis and the n-glide plane normal
to the c-direction. However, for the non-superconducting
Fe1.03Se, which contains extra interstitial iron, the symme-
try lowering is not observed, and the driving mechanism
lifting the degeneracy of the xy-plane was proposed to not
be magnetically driven.[64] More recent diffraction studies
by Pachmayr et al.[65] have found that FeSe prepared by
hydrothermal conditions as opposed to traditional solid
state techniques actually leads to a triclinic system and
a lower temperature of transition near 60 K. Systematic
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Figure 6: The binary phase diagram of iron and selenium, with the
phase space for β-FeSe shown in blue. Reprinted figure with per-
mission from Ref. [57]. Copyright 2009 by the American Physical
Society.
diffraction studies including neutrons at lower tempera-
tures of various FeSe single crystal samples would help
shed further light on how composition drives the symme-
try lowering transition. Shear-modulus[66] and angle re-
solved photoemission spectroscopy (ARPES) studies have
proposed that the orthorhombic distortion leads to a so-
called nematic phase where the stripes of elongation are
driven by an orbital-ordering of the d-states.[67] However,
this topic remains unsettled with new results from neutron
studies[68] and theoretical modeling[69, 70] that report the
possible importance of spin fluctuations in FeSe.
3.2. β-FeSe
3.3. Mackinawite FeS
In contrast to β-FeSe, the sulfide analogue does not ex-
ist in the thermodynamic phase diagram of iron sulfides.
Within the binary phase diagram of the iron sulfur system,
there are approximately 7 different compositions with 10
different crystallographic structures.[71, 72] Many of the
phases are well known minerals such as pyrite (FeS2) or
pyrrhotite (Fe1−xS). Therefore tetragonal FeS with the
anti-PbO type structure, also known as mackinawite, is
a metastable phase.
In the early crystallographic studies, the diffraction data
set was not of high quality enough due to sample broad-
ening, and the z-parameter of the S2− anion was fixed to
z = 1/4.[73] Subsequent studies by Lennie et al. found z
to be larger than 0.25 in order for the FeS4 tetrahedron to
have more regular tetrahedral angles.[74] The various ther-
mal studies by Lennie et al. found that while well crystal-
lized mackinawite eventually decomposes to pyrotite near
530 - 545 K,[75] powder samples can first convert to greig-
ite Fe3S4 at a much lower temperature of 373 K.[76] There-
fore, it is likely that the larger particle sizes and therefore
samples with smaller surface areas have a higher barrier
towards conversion of tetragonal FeS to one of its thermo-
dynamically stable phases.
FeS is typically prepared by solution routes either under
ambient conditions[73, 74, 77] or hydrothermally.[78, 79,
80] As a polycrystalline material, mackinawite can be pre-
pared by oxidation of iron metal in an acetic acid/acetate
buffer solution. Afterwards, an aqueous solution of Na2S
hydrate is added to the buffer leading to the rapid precip-
itation of tetragonal FeS.[74] According to the Pourbaix
diagram of iron, under basic conditions, Fe3+ species pre-
dominate whereas Fe2+ predominate at lower pH’s.[81, 82]
Therefore, in the initial low-pH solution, the iron is oxi-
dized to evolve Fe2+ species, and the buffer serves to min-
imize the amount of Fe3+ species upon adding the sodium
sulfide. Lennie et al. have argued that mackinawite is
kinetically stabilized and transforms to other phases only
through oxidation or further sulfurization.[75]
Studies on the physical properties of mackinawite
FeS have been inconsistent with some studies report-
ing a semiconducting ground state[78, 83, 84] and oth-
ers superconductivity.[79, 80] Nanocrystalline FeS, pre-
pared by the crystallization of an amorphous black solid
through a solvothermal method, was found to be semi-
conducting and ferrimagnetic.[78] Likewise Denholme et
al. found their mackinawite to be semiconducting[83] but
upon the application of pressure, the materials become
more metallic.[84] Denholme et al. suggest that mack-
inawite may indeed be metallic, and that the semicon-
ducting behavior arises from grain boundaries in the poly-
crystalline samples. Ferrimagnetism was also observed in
the magnetization vs. applied field curves, and the mag-
netic susceptibility vs. temperature curves indicate that
the Ne`el temperature is above room temperature.
A much earlier study, however, had found no long
range magnetic ordering in mackinawite. Bertaut per-
formed neutron diffraction studies on powder samples of
mackinawite.[85] In the powder pattern at 10 K, antifer-
romagnetic Bragg peaks were not observed. Bertaut con-
cluded that FeS is not antiferromagnetic and cannot there-
fore be ferrimagnetic. Furthermore, electronic structure
calculations had predicted that, much like its heavier ana-
logues FeSe and FeTe, mackinawite should be a metal or
semimetal.[86, 87, 88] The observation by Lennie et al.
that the surface of mackinawite first converts to Fe3S4[76]
could explain the ferrimagnetic behavior in magnetiza-
tion measurements since Fe3S4, which has the spinel-type
structure, is a ferrimagnetic semiconductor.[89]
Very recently, Lai et al. found mackinawite FeS
to be metallic down to 5 K, below which it becomes
superconducting.[79] Lai et al. prepared a high quality
sample of tetragonal FeS by oxidizing iron metal under
hydrothermal conditions in the presence of Na2S hydrate
(Figure 7). Likewise, Borg et al. demonstrated that single
crystals of KxFe2−yS2 could be de-intercalated hydrother-
mally to prepare single crystals of FeS.[80] The key to ob-
taining superconducting crystals was to maintain the so-
lution under basic conditions and to provide enough iron
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Figure 7: Electron microscopy images of superconducting FeS includ-
ing a.) SEM, b.) TEM, c.) high-resolution TEM, and d.) selected
area electron diffraction. Reprinted with permission from Ref. [79].
Copyright 2015 American Chemical Society.
powder during the hydrothermal synthesis in order to fill
in the vacancies in the KxFe2−yS2 samples. The single
crystals afforded the true ground state properties of mack-
inawite, which include highly anisotropic superconducting
and normal state properties. This high anisotropy is in-
dicative of the 2D electronic structure of FeS. Above Tc,
FeS is truly a metal with weak Paul paramagnetism.[80]
3.4. Fe1+xTe
While Fe1+xTe is an interesting ’parent’ phase (i.e. not
superconducting until doped),[90, 91, 92, 93, 94, 95] we
have not seen any literature on its intercalation chemistry.
The difficulty may arise for several reasons including the
smaller van der Waals gap due to the larger Te2− anionic
radius with respect to its lighter congeners. Furthermore,
intercalation often occurs under highly basic conditions,
and Te is more easily oxidized under these conditions than
Se or S since it is more electropositive. De-intercalation
chemistry on Fe1+xTe and Fe1+xTe0.7Se0.3, however, has
been demonstrated in order to remove the interstitial iron,
x,[96, 97, 98] which has large implications for the magnetic,
transport, and superconducting properties.[99, 100, 101].
Therefore, the iron telluride system may still be an inter-
esting host structure to explore for possible intercalation,
ion exchange, and de-intercalation chemistry.
3.5. Electronic structure of the hosts
Finally, it is important to discuss the electronic struc-
ture of the host structures. The square Fe sublattice has a
strong 2D character in its electronic structure. The FeCh
layers are metallic in nature, and the d-states of the Fe
Figure 8: The Fermi surfaces the binary iron chalcogenides with
the anti-PbO type structure. The zone-centered and corner-centered
surfaces are hole and electron pockets, respectively. The cylindrical
aspect of these surfaces demonstrate the two-dimensional aspect of
their electronic structure. Reprinted figure with permission from Ref.
[87]. Copyright 2008 by the American Physical Society.
cations form bands near the Fermi level. Unlike the pre-
vious intercalated superconductors, the iron-based mate-
rials are multi-band superconductors. The 2D character
is clearly observed in the cylindrical nature of the Fermi
surfaces as found by density functional theory (DFT)
calculations (Figure 8).[87] In this respect, the chalco-
genides do have some similarities to the iron pnictides,
where nesting between the electron and hole pockets leads
to a spin density wave instability and crystallographic
phase transitions.[13] Upon charge doping, the SDW van-
ishes and the pnictides become superconducting.[12] While
SDW order has been found in the Fe1+xTe phases, no such
order has been observed in FeS and FeSe.
The Fermi surface of FeS and FeSe show several sepa-
rate sets of bands: one set is zone-centered and are hole
carrying, and the other set is corner-centered and electron
carrying.[87] The dispersion curves reveal that these bands
consist of the various Fe d-orbitals while the Ch p-orbitals
are buried deep in energy. According to a recent ARPES
study of FeSe, the bands around the zone center consist
largely of the dxz and dyz orbitals, which are degenerate
in the tetragonal phase, but split upon the orthorhom-
bic distortion near 90 K.[67] The electron pocket mean-
while is dominated by the dxy orbital. From their ARPES
study on high quality crystals, Watson et al. conclude that
orbital-charge ordering of the dxz and dyz bands drive the
crystallographic phase transition near 90 K in FeSe.[67]
A simplistic way to understand the band structure from
a chemical bonding perspective is to consider the ligand
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Figure 9: The crystal structure of AxFe2−ySe2 where A can be var-
ious species including alkali metal cations or moieties such as NH3
and NH−2 . The structure is also known as the ThCr2Si2-type struc-
ture.
field splitting for the FeSe4 tetrahedra. For tetrahedral
coordination, the doubly degenerate e states consist of the
dx2−y2 and dz2 orbitals. The e-states are lower in energy
than the triply-degenerate t2-states, which consist of the
dxz, dyz, and dxy orbitals. In the case of the layered FeCh
materials, rather than being antibonding the t2-states are
mostly nonbonding. The local geometry around the iron
cations, however is not ideally tetrahedral since the site
symmetry of the cations is 4m2 (or D2d) and therefore
lower than 43m (or Td). This site symmetry lifts the de-
generacy of the t2-manifold, so that the dxz, dyz orbitals
form their own degenerate pair. Perhaps not coinciden-
tally, a reliable structural descriptor for the Tc in iron-
based superconductors is the closeness of the tetrahedral
bond angles to the ideal 109.5◦, with the highest observed
for the arsenide family being Tc (Figure 5b).
4. Metal intercalation with liquid ammonia
Before discussing the first attempts at intercalating
FeSe and FeS, we briefly mention that compounds of
the type AxFe2−ySe2 had been prepared before through
solid state techniques (where A+ = alkali metal or Tl1+
cations).[102, 103, 104, 105, 106, 107, 108] These materials
exhibit a significant increase in the Tc up to approximately
30 K. Since single crystals can readily be grown from con-
gruent melts,[109, 110] we do not consider their prepara-
tion as intercalation chemistry. We briefly describe them,
however, since their crystal structures are related to the
intercalated iron chalcogenides and because their short-
comings highlight the need for intercalation chemistry to
properly study the superconducting properties of FeSe.
In contrast to the host structure, the alkali metal in-
tercalated phases crystallize into the ThCr2Si2-type struc-
ture with a body-centered tetragonal cell and space group
I4/mmm as shown in Figure 9. Therefore the relationship
between the two adjacent FeCh layers is different from that
of the host. In the latter, the layers are staggered with re-
spect to one another by the n-glide plane ( 12 +x,
1
2 + y, z).
This is not the case in the body centered cell, which is miss-
ing the n-glide, and the Ch2− anions are located directly
over one another. Presumably, ionic forces now dominate
the bonding between the layers as intercalation of the A+
cations reduces the FeCh to become anionic (FeCh)δ− lay-
ers.
A serious drawback for these ternary selenides, how-
ever, is that the AxFe2−ySe2 superconducting phase coex-
ist with an insulating phase,[104, 111, 112, 113] which was
later found to be near the stoichiometry of A2Fe4Se5.[114,
115, 116, 117] Since the superconducting and antiferro-
magnetic phases are structurally related, they often coex-
ist when prepared by congruently melting the substituent
elements. Shoemaker et al. demonstrated through their
careful diffraction studies that the minority phase in the
samples is superconducting,[115] and several studies have
shown that the amount of x leading to superconductivity
ranges from 0.3 to 1.0.[120, 110, 102, 121] Intercalation at
low temperatures into pristine FeSe layers therefore offer
an opportunity to enhance superconductivity and avoid
the iron vacancy-populated phase.
While several groups have proposed that the stoi-
chiometry of the superconducting phase to be close to
AxFe2Se2,[115] Ding et al. formulated the superconduct-
ing phase from their careful electron microscopy studies as
approximately K2Fe7Se8.[116] Therefore, it is the particu-
lar ordering of vacancies in A2Fe4Se5 that is thought to be
detrimental to superconductivity, favoring instead long-
range antiferromagnetic ordering at 559 K.[118] Svitylk
et al. further demonstrated that vacancy ordering in it-
self may not be detrimental by finding superconductiv-
ity in the RbxFe1−ySe2 system, which showed some iron
vacancies.[119] Interestingly, the magnetic moment per
iron cation of 3.31 µB in K2Fe4Se5 suggests that the d
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cations in the tetrahedral crystal field may have an orbital
contribution in addition to spin.[118]
In a similar fashion to the intercalation of alkali met-
als into dichalcogenides, FeSe was reduced by an al-
kali metal-liquid ammonia solution, which contains sol-
vated electrons (hence its blue color).[123, 124] Through
this ammonia solution alkali and alkaline earth metals
can be inserted into the FeSe host and the Tc raised
to 43(1) K.[122] Burrard-Lucas et al. have definitively
demonstrated through neutron diffraction studies that this
technique also intercalates ammonia and amide (NH−2 )
molecules along with Li+ cations in the interstitial po-
sitions to form Li0.6(NH2)y(NH3)1−yFe2Se2. Unlike the
typical ThCr2Si2-type structure, however, the Li cations
are predominately in the 2b Wyckoff position, which is not
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Figure 10: The structure of Li0.6(ND2)0.2(ND3)0.8Fe2Se2 where the
Li cations reside mostly between the Se2− anions and the ND3 and
ND−2 moieties at the cell center. Reprinted from Ref. [122] by per-
mission from Macmillan Publishers Ltd: Nature, copyright 2012.
at the unit cell’s body center but between the Se2− anions
as shown in Figure 10. Using deuterated ammonia for the
neutron experiments, Burrard-Lucas found the ND3 and
ND−2 moieties to be located at the cell center, and the
deuterium atoms disordered at the 16m site.[122]
In a follow up to their neutron diffraction study of
Li0.6(NH2)y(NH3)1−yFe2Se2, Sedlmaier et al. found that
an intermediate phase exists with a double layer of am-
monia and amide molecules.[125] Their in situ diffraction
experiment revealed that this double layer structure ac-
tually retains the primitive tetragonal cell of the parent
host, but expanded as shown in Figure 11. By ammoni-
ating Li0.6(NH2)
−
0.2(NH3)0.8Fe2Se2, Sedlmaier et al. were
also able to prepare Li0.6(NH2.7)1.7Fe2Se2, which lowered
the Tc from 43(1) K to 37(1) K.[125] Since this phase was
identical to the intermediate phase found in the in situ
studies, the intercalation of neutral species such as NH3
into these materials is reversible. For similar compounds,
Shylin et al. demonstrated that the Li cations do indeed
charge dope the FeSe hosts through 57Fe-Mo¨ssbauer spec-
troscopic studies,[126] therefore confirming that the NH−2
molecules do not completely charge compensate the Li+
cations.
Several groups soon demonstrated that a host of differ-
ent electropositive metals besides lithium such as potas-
sium, rare earths, and alkaline earths could be interca-
Figure 11: a.) The reversible processes by which Li cations and
ammonia molecules can intercalate into FeSe. b.) The SQUID mag-
netometry curves demonstrating that the structure with the double
layer of ammonia has a lower Tc than the one with the single layer of
NH3, NH
−
2 , and Li
+ species. Reprinted with permission from Ref.
[125]. Copyright 2014 American Chemical Society.
lated into the FeSe sheets through the liquid ammonia
method.[128, 129, 130, 131, 132] Ying et al. found that the
amount of K+ cations inserted was more important for af-
fecting Tc than the amount of ammonia intercalated.[127]
In their phase diagram, shown in Figure 12, the supercon-
ducting regime does not have a dome-like appearance but
rather resembles three flat plateaus. Essentially, the high-
est Tc in this system (≈ 44 K) is achieved for a stoichiome-
try of K0.3(NH3)0.47Fe2Se2 and the lower Tc (30 K), which
is coincidentally similar to the one with just alkali species,
is found for the composition of K0.6(NH3)0.37Fe2Se2. An
unidentified phase superconducts below 36 K, which is
close to the Tc found by Sedlmaier et al. in their inter-
mediate phase with the primitive cell and a double layer
of ammonia molecules.[125] We can conclude from their
study, that there is an optimal amount of doping into the
FeSe sheets, which is close to 0.15 electrons per iron cation,
and that by overdoping, the Tc is driven down. It is not
clear from this study, however, whether any amide species
also intercalates into the FeSe as found for the lithium
intercalated compounds by the group of Clarke.[122, 125]
Through careful in situ X-ray diffraction studies,
Yusenko et al. found even more intermediate phases dur-
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Figure 12: The phase diagram for various samples of potassium-
intercalated FeSe with the liquid ammonia method. In a.) the
highest-Tc regime exists for samples with the stoichiometry of
K0.3(NH3)yFe2Se2, the lowest-Tc is for samples with stoichiometry
of K0.6(NH3)yFe2Se2, and the middle regime is an unknown phase.
b.) A clear difference in the c lattice constant is observed, which
correlates with Tc and amount of charge doping into the FeSe lay-
ers. Reprinted with permission from Ref. [127]. Copyright 2013
American Chemical Society.
ing the intercalation of cations via liquid ammonia.[133]
Initially, a fast intercalation occurs at 200 K with a char-
acteristic time scale, τ1/2, of 2-3 min. The phase prepared
by the fast intercalation includes two layers of Ba2+ cations
with ammonia molecules in between. The slower process
is the rearrangement of the guest species, τ1/2 = 70 min,
to form a phase similar to the one found by Burrard-Lucas
et al. for Li,[122] but with more ammonia positions. Upon
warming, the body-centered phases are not stable and de-
compose to the primitive setting, and upon applying vac-
uum all the NH3 can be removed to reach a final composi-
tion of Ba0.28Fe2Se2, which exhibited a Tc of 34 K. Overall,
the highest Tc found was close to 39 K for the ammoni-
ated body-centered phase Ba0.28(NH3)1.92Fe2Se2. The en-
tire sequence of powder patterns and the corresponding
intercalated phases can be found in Figure 13.
Just as FeSe can have its Tc enhanced by the applica-
tion of pressure, Izumi et al. demonstrated that pressure
can also enhance the Tc of the intercalated selenides.[132]
After preparing several samples with doped alkali metals,
Izumi found a correlation between the tetragonality (c/a
Figure 13: a.) The various structures of the barium and ammonia
intercalated FeSe phases. b.) The time resolved X-ray diffraction
patterns of the different phases. c.) The XRD powder patterns
corresponding to the various phases represented in a.). Reprinted
with permission from Ref. [133]. Published by The Royal Society of
Chemistry.
ratio) of the unit cell and the Tc. In general, the higher
the tetragonality the higher the Tc, although the affect
seems to plateau beyond a certain c/a ratio. For their
Cs-NH3 intercalated samples, the application of pressure
initially drives down the Tc, eventually wiping out all su-
perconductivity. Above the threshold of 14 GPa, however,
superconductivity re-emerges and Tc reaches to a high of
49 K until it drops to 0 above 21 GPa. The resulting
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Figure 14: a.) Magnetization as a function of pressure for various
Cs-intercalated iron selenides b-d.) Double dome phase diagrams for
the Cs-intercalated phases with ammonia. Reprinted by permission
from Ref. [132], Macmillan Publishers Ltd: Nature Communication,
copyright 2014.
phase diagram has a double dome appearance for the su-
perconducting regime as shown in Figure 14, and Izumi
et al. ascribe this phenomena to the proximity of a quan-
tum critical point.[132] The authors do not observe any
crystallographic phase transitions upon applying pressure.
While no study has been published on the intercalation
of amines into FeS or FeTe, some groups have attempted
to intercalate mixed anion systems. For example, while
the highest Tc observed for the optimal stoichiometry of
FeSe0.5Te0.5 is 14 K, Sakai et al. demonstrated through
intercalation of Li, Na, and Ca cations via the liquid am-
monia technique that the Tc could be raised to 26 K, 22
K, and 17 K, respectively.[136, 137]. Similarly, Guo et al.
intercalated FeSe1−zSz with Na cations and found that the
Tc could also be enhanced from that of the of host struc-
ture (Tc ≈ 12 K).[134] As more sulfide is introduce into
the lattice, the Tc is diminished and the phase no longer
superconducts past a certain amount of S2− substitution.
The phase diagram for their phases is presented in Fig-
ure 15. Similar to the conclusions reached by Sedlmaier et
al. on Li-intercalation,[125] Guo et al. found a clear rela-
tionship between the structure-type and the maximum Tc
(Figure 15).[134]
To understand the various findings from the experi-
mental work on the intercalated iron selenides, Guterd-
ing performed electronic structure calculations to under-
stand the role of the doping cations and ammonia spacers
on the superconducting properties.[135] Focusing specif-
ically on the Li0.5(NH2)0.5−2r(NH3)0.5+2rFe2Se2 system,
they found that the major determining factor on the char-
acteristics of the Fermi surface was the amount of electron
doping. As shown in Figure 16, when the amount of amide
Figure 15: a.) The XRD powder patterns of the FeSe and and Na-
intercalated phases with either NH3-rich or -poor structures. b.) A
schematic of the structures for the XRD patterns of a.), although
the orientation of the ammonia molecule was not solved from the
diffraction data. c.) The SQUID magnetometry data for the Na-
intercalated FeSe, and d.) the phase diagram for the Na-Intercalated
FeSe1−zSz hosts. Reprinted by permission from Ref. [134], Macmil-
lan Publishers Ltd: Nature Communication, copyright 2014.
present is zero (r = 0.25), the Li cations donate approxi-
mately 0.25 electrons per Fe cation. The electron pockets
at the corners expand and the hole pockets at the cen-
ter decrease in size (Figure 16c). When amide is added
so that the charge of the Li is completely compensated,
the opposite occurs and a new hole pocket is created Fig-
ure 16b). What is also evident from these calculations is
that the bands are dominated by the dxy, dxz, and dyz
orbitals. Guterding et al. conclude that the amount of
spacer molecules such as ammonia is not the determining
factor for Tc, but it can aid in making the Fermi surface
more 2D; after that has been accomplished, the amount
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of electron doping will then enhance the superconducting
properties.
To conclude this section, intercalation of metal cations
in liquid ammonia in FeSe hosts seems to be the best man-
ner to prepare higher Tc (≈ 44 K) phases that are single
phase and therefore free of the insulating antiferromag-
netic iron selenides. The role of the ammonia is not just
as a solvent that allows the FeSe hosts to absorb the sol-
vated electrons, but also as a spacer molecule that facili-
tate the intercalation process. Furthermore, the ammonia
can ionize to form amide in solution with Li+ cations. So
far, no one has reported the formation of the conjugate
acid NH+4 in these intercalated compounds. During in-
tercalation a series of intermediates are formed as shown
by the various in situ diffraction studies, and they can be
identified on the basis of whether they exhibit primitive or
body-centered lattice symmetry. The spacer aids in fur-
ther enhancing the 2D nature of the Fermi surface, but the
electron doping seems to be the major determining factor
of the maximum Tc observed.
5. Metal intercalation with organic amines
Just as in the transition metal dichalcogenides, the com-
munity soon recognized that other amines besides ammo-
nia could be intercalated into the iron chalcogenides. The
first such report was performed by Krzton-Maziopa et al.
where they used anhydrous pyridine as the solvent for a
variety of alkali metals including Li, Na, K, and Rb.[140]
By reacting with pure β−FeSe at 40 ◦C, Krzton-Maziopa
et al. managed to expand the c-axis and enhance the Tc up
to 45 K, close to the observed values for the ammonia in-
tercalated selenides. As shown by powder XRD, the FeSe
sheets are indeed intercalated, but the lattice constants
however are not that different from those in the ammonia-
intercalated samples. For example, the Li-pyridine in-
tercalated sample had a c parameter of 16.0549 A˚,[140]
which is close to the values of 16.1795(6) A˚ and16.4820(9)
A˚ observed by Burrard-Lucas et al. for the Li-NH3 interca-
lated samples.[122] Furthermore, the K-intercalated sam-
ples also had a smaller c-parameter, which would be un-
expected for the larger pyridine ring intercalated with the
larger potassium cation. Krzton-Maziopa et al. also ob-
served LiCN as a byproduct from the reaction, which could
indicate that the pyridine rings decomposed and therefore
the nature of the amine intercalate could be something
other than pyridine.[140]
The work by the group of Noji et al. showed that linear
diamines could also be utilized as solvents and intercalates
for FeSe.[141, 138, 142, 143, 139] Starting with the classic
coordination ligand, ethylenediamine (C2H8N2), Hatakeda
et al. intercalated this ligand along with Li to raise Tc
up to 45 K. The intercalation reaction seems to be slug-
gish with a total of 7 days at 45 ◦C followed by post-
annealing at 150 ◦C and 200 ◦C for several more days
under vacuum.[141] Assuming that the compound crystal-
lized in the body-centered cell, the authors indexed the
Figure 17: Main: The powder XRD patterns of Na- and Li-
intercalated FeSe with ethylenediamine acting as both the host and
intercalate. The low angle (002) reflection roughly corresponds to an
interplanar spacing close to 10.4 A˚. Reprinted with permission from
Ref [138]. A model of the Li-ethylenediamine intercalate in FeSe.
Licensed by IOP Publishing Ltd. Inset: Reprinted figure with per-
mission from Ref. [139]. Copyright 2015 by the American Physical
Society.
lowest angle peak as the (002) reflection and therefore
the interplanar distance to be close to 10.37 A˚ (Figure
17). By expanding to even larger chains such as hexam-
ethylenediamine (C6H16N2), Hosono et al. increased this
interplanar distances to a record 16.225(5) A˚.[142] This
hyper-expansion of the FeSe host, however, does not seem
to have increased Tc but rather lowered it to 38 K, which
is in line from the previous studies of metal-ammonia in-
tercalation whereby charge doping is more important than
the size of the spacer.
In addition to lithium, other metals can be interca-
lated with ethylenediamine such as sodium. Figure 17
shows the XRD powder patterns of the Li and Na interca-
lated compounds along with the C2H8N2 spacers that lead
to a body-centered cell and an interplanar distance close
to 10.37 A˚ regardless of the choice of alkali metal.[143]
Although the authors claim a T onsetc as high as 57 K
from electrical resistivity measurements, the magnetic sus-
ceptibility data shows that the true Tc is closer to 45
K, which is more in line with other intercalated FeSe
superconductors.[138]
A systematic study of various linear diamines with either
Na+ or Sr2+ cations was carried out by Hayashi et al. to
understand the role of charge and spacer length.[144] The
linear diamines include (H2N)-CnH2n(NH2) where n = 0,
2, 3, and 6, and Hayashi et al. found that the interpla-
nar distance could indeed be systematically varied between
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Figure 18: The correlation between Tc and the interlayer spacing, d,
by the intercalation of various species including alkali metal cations,
ammonia, and organic amines. Reprinted from Ref. [143], Copyright
2014, with permission from Elsevier.
8.95 A˚ and 11.16 A˚ for the sodium series of compounds.
No correlation, however, was found between the length of
the diamine chain and Tc. Instead, the correlation was
strictly between charge doping and Tc. For materials with
the sodium content varying between 0.80 and 0.93 (per
Fe2Se2 unit), the Tc was between 41 K and 46 K, whereas
for the strontium content, the Tc was between 34 K and
38 K. Typically the amount of Sr varied between 0.23 to
0.28 (per Fe2Se2 unit).[144]
Overall, the recent work of intercalating organic amines
with alkali and alkaline earth metals has demonstrated
that the maximum Tc is not enhanced beyond that of am-
monia with alkali and alkaline earth metals. The spacer,
however does seem to have an effect below a threshold
value for the interplanar distance. As shown in Figure 18
for a variety of compounds from FeSe to those with large
interlayer spacers, the Tc plateaus above a distance of ap-
proximately 8 A˚. It would be interesting for future work
to understand any advantages in utilizing organic amines
over ammonia such as thermal stability or finer control
over electron doping. However, caution must be exercised
since working ethylenediamine can cause fragmentation of
the FeSe layers such as Fe3Se4(en)2.[145]
An interesting development in the intercalation chem-
istry of FeSe was the demonstration by Lu et al. that such
reactions could occur in aqueous solutions as opposed to
ammoniacal ones that were strictly anhydrous.[146] Under
hydrothermal conditions, Lu et al. added a selenide source
in the form of selenourea to a strongly basic solution of
LiOH along with iron metal. The resulting compound was
formulated as LiFeO2Fe2Se2, which was structurally re-
lated to the LnOFeAs superconductors and the ZrCuSiAs-
type structure (Figure 19). An electronic structure cal-
culations study by Heil et al. predicted that the ground
state of this oxide-intercalated FeSe should be that of an
antiferromagnet due to the effect of the d5 states (from
Fe3+) in the oxide layer.[147] However, this work did not
yet have the full experimental details of the chemical com-
position and missed the protons present in the oxide layer,
which would therefore call into question whether Fe3+ is
really present in this layer as opposed to Fe2+.
Soon after the work of Lu et al., Pachmayr et al.
were able to prepare small single crystals from hydrother-
mal methods (Figure 20) and found residual electron
density corresponding to hydrogen from their diffrac-
tion measurements.[148] Therefore, Pachmayr et al. for-
mulated the intercalate to actually be a hydroxide in-
stead of oxide, and their single crystal X-ray diffrac-
tion results showed that the composition is close to
(Li0.8Fe0.2OH)(Fe0.915Li0.085Se). The hydroxide interca-
late has a structure very similar to LiOH, which itself
crystallizes in the anti-PbO-type structure. Furthermore,
antisite substitution occurs so that some iron cations sub-
stitute onto the Li site, and vice versa. Pachmayr et al.
also established that the nature of the iron in the hydrox-
ide layer is Fe2+ and not Fe3+ based on the Fe–O distance
of 201.6 pm. The Fe2+ cations act to both electron dope
into the FeSe host and to flatten the (Li/Fe)O4 tetrahedra
since Fe2+ prefers more square planar coordination.[148]
6. Metal hydroxide intercalation under hydrother-
mal conditions
Interestingly, due to the iron substitution onto the hy-
droxide layer, Pachmayr et al. found the compound
to express both ferromagnetism and superconductivity
at base temperature, which led to an interesting phe-
nomena by which spontaneous vortex lattice forms in
this type-II superconductor.[148] As shown in Figure 20,
the zero-field cooled curve in the magnetic susceptibil-
ity shows and a ferromagnetic signal even in the diamag-
netic regime. Through nuclear magnetic resonance (NMR)
studies of this compound, Lu et al. found the hydrox-
ide layer to actually exhibit antiferromagnetism instead
of ferromagnetism.[149] A small angle neutron scattering
(SANS) study found that under a small applied magnetic
field, a vortex lattice was found in (Li1−xFexOD)FeSe in
the pattern with a characteristic length not unlike in other
superconductors.[150] Lynn et al. concluded, however,
that the vortex forms only under an applied magnetic field
and is not spontaneous.
Several studies on the phase diagram of the
(Li1−xFexOH)FeSe then followed to understand how
the structural and chemical parameters controlled Tc.
Sun et al. found that instead of preparing the hy-
droxide samples in situ under hydrothermal conditions,
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Figure 19: The crystal structure of (LiOH)FeSe, which has a similar
structure to the ZrCuSiAs-type structure. In the superconducting
phases, Fe2+ cations are doped into the Li sites, which charge dopes
the FeSe hosts. The LiOH intercalate has the anti-PbO-type struc-
ture.
that FeSe could act as the source for the prepara-
tion of (Li1−xFexOH)Fe1−ySe where (x ≈ 0.2 and
0.15 > y > 0.02).[152] The samples prepared in this
manner repeatedly led to lower Tc’s, however, so Sun
et al. performed post-synthetic modification of these
powder samples by treating them with an ammoniacal
solution of Li metal. This reductive post-synthetic
modification led to maximal Tc of 45 K, and Sun et
al. explain this result as filling in iron vacancies in the
FeSe layer.[152] Indeed, the technique of post-synthetic
modification is a form of intercalation chemistry. The
large spread in iron deficiency found in their samples led
Sun et al. to quantitatively correlate iron occupancy in
the selenide layer to superconductivity and to conclude
that full iron occupancy in the selenide layer along with
iron with an oxidation state below +2 are required for
superconductivity.
The area of soft chemistry can be further expanded be-
yond powder to include the preparation of single crys-
tal samples of (Li1−xFexOH)FeSe. Dong et al. found
that starting with KxFe2Se2 single crystals prepared at
high temperatures, one could perform a cation exchange
under hydrothermal conditions to prepare LiOHFeSe sin-
gle crystals.[151] Such exchange and the resulting X-ray
diffraction patterns are shown in Figure 21 Both the work
of Dong et al. and Sun et al. demonstrate that the iron se-
lenides exhibit considerable soft chemistry that allows for
facile preparation of superconductors with optimal prop-
erties.
Zhou et al. were able to construct two phase diagrams,
one for (LiOH)FeSe and the deuterated (LiOD)FeSe from
Figure 20: a.) The SEM image of the (Li0.8Fe0.2OH)Fe0.915Li0.085Se
single crystals prepared by hydrothermal synthesis. b.)
The electrical resistivity and magnetic susceptibility of
(Li0.8Fe0.2OH)Fe0.915Li0.085Se, and the low temperature sig-
nal below 20 K represents a ferromagnetic response that coexists
with superconductivity. Reprinted with permission from Ref.
[148]. Copyright 2015 Wiley-VCH Verlag GmbH and Co. KGaA,
Weinheim.
single crystal and powder samples. No isotope effect was
observed from the deuterium substitution. In their phase
diagrams, Zhou et al. correlate the Tc to the tetragonal-
ity of the unit cell (c/a ratio), which might be related to
the overall oxidation state of the iron in the FeSe layer and
therefore to the amount of charge doping from the hydrox-
ide layer.[153] Dong et al. also correlated Tc to the lattice
parameters but added an antiferromagnetic phase for sam-
ples with very small c lattice constant, which they referred
to as the parent compound to the superconductor.[154]
This antiferromagnetic ordering observed by Dong et al.
in their magnetization studies, however, was disputed by
Zhou et al. since they demonstrated that under hydrother-
mal conditions various ferrimagnetic iron oxides such as
magnetite can be prepared. Furthermore, through their
neutron diffraction studies of deuterated samples, Zhou et
al. found no evidence for long range antiferromagnetic or-
dering either in superconducting or non-superconducting
samples.[153] This result from Zhou et al. would be in line
with the vast literature on iron selenides, where a parent
compound with long-range antiferromagnetic ordering has
yet to be found.[17]
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Figure 21: A schematic of the cation exchange reaction under hy-
drothermal and strongly basic conditions to convert KxFe2−ySe2 to
(LiOH)FeSe. b.) The resulting change in the powder patterns from
a body centered structure to the primitive cell. Reprinted figure
with permission from Ref. [151]. Copyright 2015 by the American
Physical Society.
The insertion of hydroxide layers into other hosts has
been accomplished as well, notably mackinawite FeS.
While the host FeS has very recently been shown to be su-
perconducting with a Tc close to 5 K, Pachmayr found the
LiOH-intercalated phase of FeS to be non-superconducting
and instead displays only weak ferromagnetism.[155] Like-
wise, Lu et al. found that in hosts with mixed anions
such as FeSe1−zSz, lithium hydroxide intercalation could
be achieved but that the Tc drops off dramatically as the
amount of sulfide is introduced into the lattice.[156] This
could be due to the general instability of mackinawite FeS,
which might cause sufficient iron vacancies to form upon
intercalation so that they completely disrupt the conduct-
ing properties.
7. Conclusions and future directions
The iron chalcogenides, and in particular FeSe, have
been proven to be versatile hosts for intercalation chem-
istry. Furthermore, intercalation chemistry affords su-
perconducting samples that are phase pure and there-
fore reveal the true ground state properties. These low-
temperature synthetic techniques are superior to that of
simply melting the constituent elements (alkali metal, iron,
and selenium), since the latter leads to phase separa-
tion and the inclusion of an antiferromagnetic, insulat-
ing phase. The intercalation chemistry of FeSe therefore
demonstrates that solid state chemists will continue to play
a role in furthering our understanding of superconducting
materials.
The major parameters that seem to be important across
the entire series of iron chalcogenides include structure and
charge doping. As such, we have gathered the relevant pa-
rameters across various intercalated selenides in Table 1 for
comparison. Although there have been many efforts to cor-
relate Tc with charge doping there are many inconsisten-
cies apparent in Table 1, and this may be on account of the
difficulty on determining whether the amines intercalated
are neutral or charged. Furthermore, due to the nature of
the disordered intercalates and sometimes low-quality of
the powder patterns, more detailed crystallographic data
such as anion height and Ch–Fe–Ch bond angles are dif-
ficult to gather and compare presently. Therefore, more
detailed and systematic studies correlating these key pa-
rameters should be carried out in future studies. The
consensus so far is that the intercalates should separate
the FeSe layers sufficiently in order to enhance the two-
dimensionality of the electronic structure and also charge
dope it enough to enhance the coupling between the elec-
tron and hole pockets of the Fermi surface. The data from
the studies reviewed here suggest that the upper limit for
bulk intercalated-FeSe is 45 K.
From a historical perspective, it is interesting to com-
pare the intercalated iron chalcogenides with that of other
2D hosts such as the transition metal dichalcogenides (see
section 2.1) and the NayCoO2 hydrates. There seems to be
sufficient evidence across these 2D materials that hydrogen
bonding has a large role to play in their stability. The am-
monia molecules in both FeSe and the dichalcogenides such
a TaS2 are oriented so that the N–H bonds and not the
lone pair of electrons on N point towards the chalcogenide
anions. In a neutron diffraction study of NH3 intercalated
TaS2, Young et al. found evidence for hydrogen bonding in
the form of N–H····S bonds where the S–H interatomic dis-
tances ranged between 2.49 A˚ and 2.66 A˚.[157] Similarly,
Burrard-Lucas et al. found evidence for N–H· · ··Se bridges
in the Li-NH3 intercalated FeSe.[122] An interesting dif-
ference between the iron chalcogenides and the transition
metal dichalcogenides is that in the iron chalcogenides the
ammonia does not enter the host structure as the conju-
Table 1: Structural parameters for FeSe and various intercalated
FeSe superconductors. Here d refers to the interplanar spacing, or
the spacing between the Fe sublattices, as determined by diffraction
experiments at room temperature. In compounds with the primitive
cell, this is the (001) reflection, and in those with the body-centered
cell, the (002) reflection.
compound d (A˚) Tc (K) e
−/Fe cation Reference
FeSe 5.5258(1) 8 0.00 [57]
K0.38(2)Fe2.1(3)Se2 7.1329(1) 28 0.18 [115]
Li0.6(ND2)0.2(ND3)0.8Fe2Se2 8.2410(5) 43(1) 0.20 [122]
Li0.6(ND2)0.34(ND3)1.36Fe2Se2* 10.30704(8) 39(1) 0.13 [125]
K0.3(NH3)0.47Fe2Se2 7.78(1) 44 0.15 [127]
K0.6(NH3)0.37Fe2Se2 7.42(1) 31 0.30 [127]
Ba0.37(NH3)1.04Fe2Se2 9.060 36 0.37 [133]
Na1.0(C2H8N2)1.5Fe2Se2 9.51 46.5 0.5 [144]
Sr0.5(N2H4)3.0Fe2Se2 8.91 35 0.5 [144]
(Li0.837Fe0.165OH)FeSe 9.3512(2) 40 0.165 [152]
(Li0.828(1)Fe0.172(1)OH)FeSe* 9.1330(2) 37 0.172 [153]
* diffraction data taken between 5 K to 7 K
15
gate acid (NH+4 ), but rather as the conjugate base NH
−
2
along with neutral ammonia molecules. Favoring amide
formation rather than ammonium makes sense in light of
the fact that the FeSe layers are anionic and therefore have
electron density at the Fermi level to reduce ammonia.
Similar to the cobaltates (see section 2.2), the iron
chalcogenides also have significant aqueous chemistry, and
the ability to integrate hydroxides such a LiOH. The weak
van der Waals forces present in the chalcogenides are pre-
sumably replaced by ionic forces from the cationic inter-
calates. However, there might be more than these ionic
forces participating in interlayer bonding. Given the hy-
groscopic nature of NayCoO2 and the orientation of the
hydroxyl groups in (Li1−xFexOH)FeSe, hydrogen bonding
should also play a role in the phase stability of these ma-
terials. Indeed, neutron diffraction study by Zhou et al.
(Li1−xFexOD)FeSe found crystallographic evidence for O–
D· · ··Se bonding where the Se–D distance was approxi-
mately 3.03 A˚.[153]
The intercalation chemistry of FeSe also has similari-
ties with the superconducting fullerenes (see section ??).
The amount of charge doping in both sets of materials
seems to be critical to raising the Tc. In the case of in-
tercalated fullerenes, the alkali metals such as potassium
electron dope the conduction band and since this band is
narrow, the density of states at the Fermi level is high.
Similarly, FeSe requires a certain amount of charge doping
at the Fermi level to enhance its superconducting proper-
ties. Unlike the doped fullerenes, however, the iron chalco-
genides are multi-band superconductors where the Fermi
surface has both hole and electron pockets instead of just
one conduction band. The nesting of these multiple bands
seems to be critical in the case of FeSe.
Even if the maximum Tc has been achieved in FeSe,
there remain multiple future directions for this field. One,
the orientation of the of the organic amines intercalates
in FeSe has not been solved nor the nature of the guest
species after intercalation. In other words, are the organic
amines neutral or their conjugate bases upon intercala-
tion? This question is important to establish the correct
electron doping for optimal superconducting properties,
which could help answer the question as to the mecha-
nism for such a high Tc. The coordination of the organic
amines, e.g. pyridine and ethylenediamine, could also be
solved in order to determine the importance of hydrogen
bonding and the intercalated cations in stabilizing these
compounds. The work of Kovnir et al. in the intercala-
tion of structurally related iron selenides with intercalated
organic amines demonstrates how this problem could be
solved from advanced diffraction techniques.[158]
Another set of opportunities in this field is to explore
beyond FeSe. The intercalation chemistry of mackinawite
FeS, for example, has not been fully explored. Since it
has just been found to be superconducting at 5 K, there
exists an opportunity to discover higher Tc sulfides. Fi-
nally, other metals besides iron could be investigated such
as cobalt, nickel, and copper, which have similar chalco-
genide chemistry to iron. These new intercalated transi-
tion metal monochalcogenides could represent a new area
of materials chemistry in a similar fashion to the transition
metal dichalcogenides.
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Figure 16: a.) The crystal model for the electronic structure calculations of Li0.5(NH2)0.5−2r(NH3)0.5+2rFe2Se2. b.) The Fermi surface of
the Li-ammonia-intercalated FeSe host for r = 0, which corresponds to a completely charge compensated Li(NH2) moieties, which do not
charge dope the FeSe host. c.) For r = 0.25, only ammonia is present with Li cations, which contribute 0.25 e− per Fe cation. Upon electron
doping, the corner-centered electron pockets grow, and the zone-centered hole pockets shrink. Reprinted figures with permission from Ref.
[135]. Copyright 2015 by the American Physical Society.
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